Abstract. The expanded bow shock on and around "the day the solar wind almost disappeared" (11 May 1999) allowed the Geotail spacecraft to make a practically uninterrupted 54-h-long magnetosheath pass near dusk (16:30-21:11 magnetic local time) at a radial distance of 24 to 30 R E (Earth radii). During most of this period, interplanetary parameters varied gradually and in such a way as to give rise to two extreme magnetosheath structures, one dominated by magnetohydrodynamic (MHD) effects and the other by gas dynamic effects. We focus attention on unusual features of electromagnetic ion wave activity in the former magnetosheath state, and compare these features with those in the latter. Magnetic fluctuations in the gas dynamic magnetosheath were dominated by compressional mirror mode waves, and leftand right-hand polarized electromagnetic ion cyclotron (EIC) waves transverse to the background field. In contrast, the MHD magnetosheath, lasting for over one day, was devoid of mirror oscillations and permeated instead by EIC waves of weak intensity. The weak wave intensity is related to the prevailing low solar wind dynamic pressures. Left-hand polarized EIC waves were replaced by bursts of right-hand polarized waves, which remained for many hours the only ion wave activity present. This activity occurred when the magnetosheath proton temperature anisotropy (=T p,⊥ /T p, −1) became negative. This was because the weakened bow shock exposed the magnetosheath directly to the (negative) temperature anisotropy of the solar wind. Unlike the normal case studied in the literature, these right-hand waves were not by-products of left-hand polarized waves but derived their energy source directly from the magnetosheath temperature anisotropy. Brief entries into the low latitude boundary layer (LLBL) and duskside magnetosphere occurred under such inflated conditions that the magnetospheric magnetic pressure was insufficient to maintain pressure balance. In these
Introduction
There are two major approaches to modeling the flow of the shocked solar wind around the terrestrial magnetosphere. In the traditional approach, known as the convected gasdynamic model (CGDM) and associated with the names of Spreiter and coworkers (Spreiter et al., 1966; Spreiter and Alksne, 1969; Spreiter and Stahara, 1980) , the solution for the flow around a blunt body is obtained first, neglecting the magnetic forces in the momentum equation. After that, the magnetic field is derived by passive convection in the gas dynamic flow field, using the frozen-in field condition. Although this kinematic approach decouples the solution of the flow from that of the field, it has been widely successful in explaining the gross features of the magnetosheath of magnetized planets. It becomes increasingly reliable as the Alfven Mach number of the solar wind (M A ) increases because in the momentum equation the j×B force scales as M −2
A (Spreiter et al., 1966) . Quantity M A (M 2 A ≡V 2 p /V 2 A =ρV 2 p /(B 2 /µ 0 ), where V A is the Alfven speed and ρ is the mass density) is related to the solar wind dynamic pressure P dyn by B 2 M 2 A =µ 0 P dyn , so that for constant B, a low M A implies a low P dyn , and vice versa. However, close to the magnetopause itself, and in the absence of magnetopause reconnection at low latitudes, which can convert magnetic energy into plasma energy, the magnetic field starts to pile up at the frontside of the magnetopause, vitiating the assumptions of the CGDM. As a result, Fig. 1 . The orbits of three near-Earth spacecraft data from which are discussed in this study. The top and bottom panels show, respectively, GSE XY and XZ projections. The interval plotted is 14:00 UT (10), 01:00 UT (13), ∼3 h longer than Geotail's magnetosheath passage near dusk, which started at 16:40 UT (10). The different colors correspond to different days. a region of strong field and low density forms adjacent to the sunward side of the magnetopause, called the plasma depletion layer (PDL). Its thickness is proportional to 1/M 2 A (Farrugia et al., 1995) In the second approach, the influence of the interplanetary magnetic field (IMF) on the magnetosheath flow is included from the start (see, for instance, Midgley and Davis, 1963; Lees, 1964; Zwan and Wolf, 1976; Erkaev, 1988; Wang et al., 2003) . In this treatment the PDL arises naturally and defines a MHD-dominated region whose flow and wave properties are different from those in the rest of the magnetosheath. On the dayside the flow is of the stagnation line type (Sonnerup, 1974; Phan et al., 1994) . As a result, at the magnetopause the flow tends to align itself perpendicular to the local magnetic field. As the magnetopause is approached, the temperature anisotropy of the protons, A p ≡T p,⊥ /T p, −1 (where the symbols "⊥" and " " are defined with respect to the background magnetic field direction) increases. Further, A p is found to anticorrelate with β p, , as predicted by theory (Gary and Lee, 1994; and confirmed experimentally ( Anderson and Fuselier, 1993; Anderson et al., 1991 Anderson et al., , 1994 .
Whereas the main body of the magnetosheath is high beta and the condition to de-stabilize the mirror mode is generally marginally satisfied (Phan et al., 1994; Hill et al., 1995) , in the low β−high, positive A p PDL the mirror mode is stable, and instead left-hand polarized electromagnetic ion cyclotron waves (EICWs) transverse to the field are excited, as first reported by Fairfield (1976) . Right-hand polarized EICW power is lower than the left-hand power and is thought to be generated as a secondary emission ("daughter" waves) from the left-hand waves. The PDL may thus be characterized by a special type of wave activity, the EIC waves. One main objective of this paper is to show that under very low P dyn this PDL-type wave activity extends to the main body of the magnetosheath (as judged by the distance of the spacecraft from a model magnetopause surface). Another is to show that the right-hand polarized EICWs are directly generated by the negative temperature anisotropy (and not as secondary waves) at a time when the bow shock is weak.
In an experimental work, we shall analyze ion wave activity in the magnetosheath under low P dyn conditions (at nearly constant B), which occurred over the extended period 10-11 May 1999 . This is a much studied event, and 11 May 1999, has been dubbed "the day the solar wind almost disappeared" because solar wind densities decreased to low values of order 0.2 cm −3 and P dyn to ∼0.10 nPa, see special editions of Geophys. Res. Lett. (2000) and J. Geophys. Res. (2000) . In particular, the bow shock was displaced to its most sunward position on record, about 50 R E upstream of Earth (Fairfield et al., 2001) . Because of the dilated magnetosphere and bow shock, the spacecraft Geotail spent an uninterrupted stretch of 54 h in the magnetosheath. There it observed many effects due to the strong influence of the IMF on the magnetosheath, which may be isolated and studied by comparing them with a long segment of the same pass when MHD effects were much attentuated. An important feature is that interplanetary parameters change very slowly during the long-duration density decrease, so that the magnetosheath traverses essentially a sequence of quasi-steady states.
The layout of the paper is as follows. After a discussion of interplanetary conditions recorded by Wind and IMP 8, we discuss in turn the magnetic field, plasma, and wave observations made by Geotail in the magnetosheath. Wave theory results are discussed in conjunction with the observed electromagnetic ion wave spectra. We then discuss the relevance of these findings to our knowledge of the magnetosheath. Figure 1 shows the positions of the near-Earth spacecraft Wind, IMP 8 and Geotail in a GSE XY (top panel) and XZ (bottom panel) projection for the period corresponding to Geotail's magnetosheath passage (14:00 UT, 10 May, 01:00 UT, 13 May). Different days are marked by different colors. The kink on Wind's orbit on 12 May occurs when Plasma and magnetic field data from the SWE and MFI investigations on Wind. GSM coordinates are used. The time resolution of the data sets are ∼90 s (plasma) and 3 s (magnetic field). The vertical lines bracket the interval when Geotail was in the magnetosheath. The arrow in the 5th panel marks the time when the bow shock passed over Wind. For details about the panels, see text. The light blue trace in the bottom panel is an overlay of the clock angle measured by Geotail in the magnetosheath when no lag is assumed between Wind and Geotail measurements.
Wind and IMP 8 observations

Spacecraft orbits
the spacecraft was executing a swing-by manoeuvre near the moon (symbol "M") on 12 May.
Geotail orbits at a radial distance which varies between 24.2 to 30.3 R E (Earth radii), and covers a magnetic local time (MLT) range from 16:25 to 21:10 MLT, with the spacecraft staying close to the ecliptic plane. Wind was on the opposite side of the Sun-Earth line to Geotail and traveling sunward. The inter-spacecraft separation orthogonal to the Sun−Earth line lies in the range 46 to 64 R E . IMP 8 is more favorably located, but no plasma data are available from this spacecraft. After introducing the Wind observations in Figs. 2 and 3, we shall cross-correlate Wind and IMP 8 measurements to ascertain that Wind data are appropriate for this study, since a distance of ∼60 R E perpendicular to the SunEarth line is comparable to typical correlationlengths of the IMF in this direction (Richardson and Paulerena, 2001; Matsui et al., 2002) .
Proton plasma and magnetic field data from the Solar Wind Experiment (SWE; Ogilvie et al., 1995) and the Magnetic Field Investigation (MFI; Lepping et al., 1995) on the Wind spacecraft are shown in Fig. 2 . From top to bottom the panels display the proton plasma density, temperature and bulk speed, the dynamic pressure (P dyn ), the solar wind proton temperature anisotropy, A p,sw , the total field and its GSM components, and the IMF clock angle (i.e. the polar angle in the GSM YZ plane). The period plotted is 00:00 UT, At Wind, the density started its steady decrease from values of ∼3 cm −3 at 11:00 UT (10), reaching lowest values of ∼0.2 cm −3 when the bow shock passed over the spacecraft at ∼18:00 UT (11). The progressively more tenuous wind is also progressively colder and slower. In contrast, the total field is relatively steady (<B>=5.60±0.68 nT) and is characterized by a negative B x , a positive B y and has a slightly northward orientation on average. Quantity P dyn reaches lowest values of ∼0.07 nPa. The temperature anisotropy, A p,sw is generally negative with intermittent positive values.
The solar wind density decreases as n sw =2.45 e −0.08 T (T in hours), shown by the red line in the first panel of Fig. 2 . This almost linear descent amounts to a steady decrease of ∼0.1 cm −3 h −1 in n p (and 0.02 nPa h −1 in P dyn ), slow enough for conditions in the magnetosheath to be considered as changing in a quasi-steady fashion.
For the same interval as Fig. 2, Fig. 3 shows the plasma beta β p and the Alfven Mach number M A derived from the Wind measurements. During the density decrease, the plasma beta drops by about two orders of magnitude, from values of ∼1 to ∼0.01, returning to typical solar wind values of ∼ 1 in the last 10 h of the interval. Parameter M A , which starts from ∼7, reaches lowest values of ∼1.3, only to return to values ≥10 in the last 10 h. Thus there is a ∼1.5-day period, marked by the horizontal red bar, when parameters P dyn < 0.3 nPa, M A <3 (dashed line), and β p <0.1. These are different from typical solar wind conditions at 1 AU, i.e. M A ≥10, β p ≥1, and P dyn =2.2 nPa.
When the density starts to recover after ∼00:00 UT (12), the interplanetary field and flow parameters are highly variable, and their magnitudes and amplitudes of variation are much larger (Fig. 2) . The density and dynamic pressure approach steady values of ∼20 cm −3 and ∼5.5 nPa, respectively. These last 10 h contrast sharply with the preceding interval and are characterized by M A ≥10 and β p ≥1, as is typical of the solar wind at 1 AU under, however, compressed conditions.
To summarize: Two types of solar wind are influencing the magnetosheath structure during the period of study: An extended segment where one would expect MHD effects to predominate, and another 2 segments (particularly the last 10 h) where they should be much attenuated. Does the magnetosheath structure reflect this subdivision? Are there effects which may be attributed to the low P dyn and/or M A ? These are the questions we seek to answer.
We now correlate Wind and IMP 8 magnetic field data. IMP 8 was in the solar wind for long stretches of time, and it is located on the same side of the Sun-Earth line as Geotail (See Fig. 1 ). The highest cross-correlation coefficients for 10-12 May 1999, are 0.75(B x ), 0.77 (B y ) and 0.76 (B z ) reached at a time lag of −3 min, i.e. IMP 8 observed the same IMF features 3 min earlier than Wind. We may thus use Wind data. Below we shall assume a propagation time between Wind and Geotail of 0 min. That this is a reasonable value may be seen from the light blue trace in the last panel of Fig. 2 , which represents Geotail measurements of the clock angle, a quantity which correlates well across the bow shock (Song et al., 1992) . With no lag assumed, it is seen that the agreement with Wind is very good up to ∼04:00 UT (12). A shift of ∼45 min appears on late 12 May since Wind and Geotail move in opposite directions. The large deviation at 06:00 UT (12) has other causes, as discussed in Sect. 3.2.1.
We next inquire why the measurements at Wind and Geotail may be considered as practically simultaneous for the earlier part of the interval under consideration. A minimum variance analysis of Wind magnetic field data (Sonnerup and Cahill, 1967) for the interval 10:00 UT (10)-04:00 UT (12) picks out a well defined normal. The ratio of intermediate-tominimum eigenvalues=4.5, and the field normal to the plane, B n =0.10±1.03 nT, consistent with zero. The normal to the plane is n=(0.601, 0.644, 0.474) (GSM coordinates). The sunward tilt of the plane explains why IMP 8 sees the solar wind before Wind, and Geotail at the same time as Wind, at least in the early part of the interval. We conclude that during the low-density event the IMF was to a good approximation a planar interplanetary structure containing the Parker spiral direction (Nakagawa et al., 1989) . (10) to 08:00 UT (13), the top panel shows the quantity D r , defined as the radial distance of Geotail from the center of the Earth minus radial distance of the magnetopause. The time of the bow shock crossing is indicated by the vertical guideline on the left. The bottom panel plots the shape factor as a function of time, where the shape factor is defined as the terminator distance divided by the stand-off distance of the magnetopause. The model magnetosphere is that of Shue et al. (1998) 3 Geotail observations 3.1 Position with respect to the magnetopause In order to interpret Geotail observations we first determine the spacecraft's location with respect to the magnetopause. We do this using the magnetopause model of Shue et al. (1998) , where the magnetosphere shape is obtained as a function of both P dyn and IMF B z .
The top panel of Fig. 4 shows the quantity D r defined as the distance of Geotail from the model magnetopause along the radial line. The Fig. extends from 14:00 UT (10) to 08:00 UT (13). When the solar wind density is decreasing, D r decreases monotonically on average, mainly as a result of the expansion of the magnetosphere. The spacecraft is several R E away from the model magnetopause, in the main body of the magnetosheath. As the pressure starts to recover, quantity D r increases. The close approach to the magnetopause during 08:00 UT (12)−11:00 UT (12) is a result of the drop in solar wind P dyn in this interval (Fig. 2) . It is followed by a renewed magnetospheric compression. After 16:00 UT (12) when the pressure is high (∼5.5 nPa) and fairly constant, D r decreases steadily, mainly as a result of the inward motion of the spacecraft (Fig. 1) . According to the model, there should be a definitive magnetopause crossing at ∼00:00 UT (13). This value would be expected to be too early by 30-45 min because the zero-lag assumption breaks down on late 12 May and early 13 May as noted above.
The bottom panel of Fig. 4 gives an indication of the changing shape of the magnetopause. The "shape factor" plotted along the vertical axis is the ratio of the distance to the terminator to the subsolar stand-off distance in the equatorial plane, using the Shue et al. (1998) model. Throughout the density decrease, this quantity diminishes slowly, approaching a value of ∼1.44 when M A ∼1. Thus according to the model the magnetosphere expands approximately selfsimilarly and reaches the quoted shape ratio when the bow shock is very weak/absent. The other extreme of vanishing IMF, i.e. gas dynamics, valid for M A −>∞ (Spreiter et al., 1966) , gives for the shape factor a value of 1.32 (Mead and Beard, 1964 ; see also Kivelson and Russell, 1995) .
After ∼02:00 UT (12), as the density recovers in the second solar wind regime, and in particular the north-south component of the IMF undergoes large changes, the magnetospheric shape changes on short time scales and is in general blunter than before. Its most flared shape, at 05:00 UT (13) coincides with a dynamic pressure of ∼10 nPa, and a large, negative B z excursion (not shown).
Geotail magnetosheath observations
Magnetic field and plasma
Geotail magnetic field measurements from the MGF instrument at 3 s resolution (Kokubun et al., 1994) and plasma data from the LEP instrument at 64 s time resolution (Mukai et al., 1994) are shown in Fig. 5 for the period 14:00 UT (10) -08:00 UT (13). From top to bottom the panels display the GSM components of the magnetic field, the total field, the proton density and temperature, the GSM components of the velocity vector, the total bulk flow speed, and the angle between the field and the velocity vectors. The green traces in the B and n p panels reproduce, with zero time lag, the corresponding interplanetary measurements during the solar wind density decrease for comparison. The reader is also referred to Terasawa et al. (2000) for an overview of Geotail observations, and to Kasaba et al., (2000) for an overview of the Geotail electron observations.
A quasi-perpendicular bow shock (θ B,n =84.5 • , the angle between the upstream IMF B and the normal n to the bow shock determined from the coplanarity theorem, see Abraham-Shrauner, 1972 ) is crossed at 16:40 UT (10). Thereafter, during the phase of decreasing density, the duskside magnetosheath density, temperature and magnetic field strength also decrease monotonically. The field and plasma variations become smooth as the density decreases. After 02:00 UT (12), when the solar wind density is recovering, magnetosheath field and plasma parameters display great variability. Thus these two magnetosheath states reflect the changes in the two solar wind regimes identified earlier. One may note the following features: (i) The approach of the ratios n sh /n sw and B sh /B sw to unity as the bow shock weakens, as noted by Terasawa et al. (2000) ; (ii) the approximately constant, small angle between field and flow in the first phase (≤30 • ); (iii) the increase in speed from 200 to 350 km s −1 Fig. 5 . Geotail field and plasma measurements for 14:00 UT (10)-08:00 UT (13) from the MGF and LEP instruments, respectively. From top to bottom the panels display the GSM components of the magnetic field, the total field, the proton density, temperature, the GSM components of the velocity vector, the total bulk flow speed, and the angle between the field and the velocity vectors. Overlaid as green traces are B and n p panels from Wind. and the deflection of the velocity at the start of the second phase. Similar changes occur in the solar wind and Geotail is thus observing a convected feature; (iv) impulsive changes in most parameters at what we shall show to be brief entries into the low latitude boundary layer (LLBL)/magnetosphere at around 06:00 UT (12) and 09:00 UT (12) (arrowed). Here the field is weak and the plasma is flowing sunward. (v) the bursts of compressive field oscillations, particularly evident during Geotail's final approach towards the magnetopause in the last 10 h (panels 1-4); (vi) the tailward stretched field encountered on entry into the magnetosphere (panel 1) as a precursor to a substorm onset which occurred at ∼04:00 UT (13) (Farrugia et al., 2000a) ; (vii) the definitive entry of the spacecraft into the LLBL at ∼01:00 UT (13), i.e. about 1 h after the entry predicted by the model assuming zero lag, and into the magnetosphere at ∼05:30 UT (13).
Other quantities of interest are shown in Fig. 6 : the first 4 panels display the total field for reference, the proton plasma beta, the Alfven Mach number, and the 1-min averages of the proton temperature anisotropy, A p (A p =T p,⊥ /T p, −1). T ⊥ and T are calculated from the ion moments by referring to the magnetic field direction. There is a gap in A p values from ∼20:00 UT (11) to ∼04:00 UT (12) because the magnetic field was directed in such a way that the parallel and perpendicular temperatures could not be reliably determined. The last panel plots the quantity Mir, defined by Mir≡A p −1/β p,⊥ . Condition Mir≥0 is necessary one for a mirror unstable configuration. The following points may be made:
1. The main body of the magnetosheath on 00:00 UT (11)-16:00 UT (12), when Geotail is several R E from the magnetopause (red line in Fig. 4 ), is mirror stable; this is the opposite of the normal case.
2. Two large depressions in the field accompanied by a high β p and low M A mark the two brief entries into the LLBL/magnetosphere mentioned above.
3. The plasma beta is <1 in the MHD-dominated region. Thus the main body of the magnetosheath is PDL-like by definition (Sect. 1) (Farrugia et al., 1995) .
4. Initially, the temperature anisotropy is positive with values ≤2.5. As the pressure decreases further and the bow shock weakens, from ∼ 11:00 UT (11) onwards, A p decreases from values of 0.5 and becomes negative for some hours on either side of 16:00 UT (11), coinciding with the weakest bow shock.
This negative sign of A p is the same as in the solar wind at this time (see panel 5 in Fig. 2) . Values of quantity Mir in the last portion of the pass, as the spacecraft approaches the magnetopause (where β p is generally 1 and compressive magnetic fluctuations are observed) are approximately zero. Thus in the early and later part of the pass, the mirror mode is unstable, remaining close to the marginal limit. We now direct attention to the two entries into the LLBL/magnetosphere at 06:00 UT (12) and 09:00 UT (12). Fig. 7 shows an expanded plot of the 5-h interval 05:00-10:00 UT (12). The GSM location of the spacecraft is (−8.8, 27.5, 5.7) R E and (−9.9, 27.2, 3.2) R E at 05:00 and 10:00 UT (12), respectively. The panels are the same as those of Fig. 5 , except that the last panel now shows the pressures: the field (black trace) and the proton temperature plasma pressure (red). The behavior of the particles (ions and electrons) is also shown in the spectrograms of Fig. 8 . From top to bottom, this figure shows the omni-directional ion and electron fluxes, the electron fluxes travelling dawn- ward, sunward, duskward and tailward, respectively, and ion fluxes of solar wind origin. Judging from the behavior of the proton density, temperature, and magnetic field strength and the spectral characteristics, the first entries are probably mostly into the LLBL because some low energy electron fluxes coexist with higher energy fluxes. At the inner edge of the LLBL, the flow is sunward (Figs. 7, 8) , as predicted by Sonnerup (1980) , see also Sonnerup and Siebert (2003) . The second crossing is into the magnetosphere proper (absence of low energy electrons). Interesting in the first set of crossings is the way the magnetopause is kept in pressure balance. At these radial distances (∼30 R E ), the magnetic field strength and magnetic pressure are very low compared to those in the magnetosheath (fourth and last panels of the Fig. 7 ), but the temperature is about 2 orders of magnitude higher, corresponding to the plasma sheet. Thus unlike the normal situation, at this inflated magnetosphere it is mainly the internal gas pressure which keeps the external pressure in check.
Compressional waves are only present for two short time segments of the pass when the proton plasma beta is large (Figs. 6, 7) . Their average period is 16 s, corresponding to a frequency, f , of 0.06 Hz. According to theory, these waves are produced at zero frequency (Treumann and Baumjohann, 1997) . If they are generated locally, the observed frequency f would be f ≤k ⊥ V , where V ≈400 km s −1 (Fig. 5) , and we assumed the angle between flow and field to be 90 • . For the wavelength perpendicular to the magnetic field (λ ⊥ ), a rough upper limit is then λ ⊥ ≤6.5R E . In the rest of the period under study, the total field is fairly steady, so that any waves have to be transverse to its direction. We study these waves next.
Electromagnetic ion waves in the magnetosheath
Figures 9, 10 and 11 show frequency-time spectrograms of the magnetic fluctuations for 10, 11 May and 12−02:00 UT (13), respectively. From top to bottom the panels display the spectral amplitude of right-hand (B r ), left-hand (B l ) and compressional (B z ) components, color-coded according to the scale on the right. One Fourier transform is performed over 1024 data points. Each Fourier transform is shifted by 1024 points with respect to the previous one. The white trace in the middle panel gives the proton gyrofrequency in Hz presented as 5-point smoothed averages not to obstruct the wave data during intervals of strong fluctuations in B.
Quantites B r , B l , and B z are obtained as follows. The original magnetic field data from the on-board magnetometer are first despun. The Z axis in the satellite coordinate system is along the spin axis, while the X and Y axes are in the spin plane. This satellite coordinate system is close to the geocentric solar ecliptic (GSE) coordinate system, with the spin axis subtending an angle of 87 • to the ecliptic plane. The data are then transformed to a field-aligned coordinate system. In this system the Z axis is parallel to the ambient magnetic field, the Y axis is defined as the cross product of the unit vector in the direction of the spin axis and that in the direction of the ambient magnetic field, and the X axis is defined by the cross product of unit vectors along the Y and Z axes. The right-hand and left-hand components of the magnetic field are defined as follows
where B X and B Y are amplitudes of the X and Y components in the field-aligned system; B r and B l are the amplitudes of the right-hand and left-hand components, respectively; and φ BX , φ BY , φ Br , and φ Bl are phases for each component, respectively. The compressional component corresponds to the Z component in the field-aligned system. From 16:40 UT (10), when the bow shock was crossed, to 21:00 UT (10), wave power resides in both the compressional and transverse (to the background field) directions. Up to 19:00 UT (10) power is intermittently present up to frequencies of ∼1 Hz (for comparison, the proton gyrofrequency here is ∼0.18 Hz), an upward shift in the frequency presumably due to the Doppler shift induced by the flow speed. After 21:00 UT, the compressional power fades slowly away (see also Fig. 6 , bottom panel) and the frequency spectrum becomes dominated by left-handed transverse activity. This transverse activity continues until 12:00 UT (11). After ∼12:00 UT (11), as the bow shock becomes much weaker ( Fig. 2 ) the left-hand power drops out, leaving only sporadic bursts of weak right-hand activity. This transition correlates well with significant values of |A p |, with A p <0 (Fig. 6) .
On 12 May (Fig. 11c) , as the density is recovering in the second solar wind regime, transverse and compressional wave activity resume between 04:00-09:00 UT. The bow shock is gaining in strength, increasing the perpendicular temperature and thereby the positive temperature anisotropy (Sckopke et al., 1990) . During this period there are close encounters with magnetopause/LLBL. Indeed, during the entries identified above at 06:00 UT and 09:00 UT, the wave activity subsides, and in the second crossing drops out completely. Intense wave activity in all components resumes at ∼16:00 UT (12) with a predominance of the compressional power. This is the time when normal magnetosheath conditions prevail, as may be seen in the time series (Fig. 5) .
Summarizing, during the density dropout (MHDdominated magnetosheath), the magnetosheath is bereft of waves, except for weak, sporadic, right-hand activity. In particular, compressional power in the main body of the magnetosheath is completely absent, the very reverse of what is typically seen at the dayside (Anderson et al., 1991 (Anderson et al., , 1993 and on the flanks (Lucek et al, 1999 , Farrugia et al., 2000b . Normal magnetosheath wave activity is present in the last 9-10 h of the pass. We now discuss the wave observations from the viewpoint of the linear kinetic theory of electromagnetic ion waves.
Magnetosheath waves: theory
The theory of electromagnetic ion waves is based on modes varying as exp(−iωt+ik·x), where a real wavevector k is given, and ω=ω r +iγ is in general complex valued. The real part ω r = (ω) is the angular frequency in rad s −1 of the mode, while the imaginary part γ = (ω) is the growth (damping) rate of the wave according as γ >0(<0). Thus τ e =1/γ gives the corresponding e-folding time in s. Quantity ω is computed from a dispersion relation of the form D(ω, k, Q)=0 that contains a set of plasma parameters Q. This equation, derived from kinetic theory (see, e.g. Gary, 1993) , is usually set up in the plasma frame. The waves can be excited by instabilities, depending on the values of the parameters Q.
In the frequency range ω r ≤ p (the proton gyrofrquency), three wave modes were observed by Geotail in the magnetosheath, all of which are driven by A p . Their intensity and other physical characteristics vary in concert with changes in A p and β p , and are also Doppler-shifted by the flow V, which near the dusk terminator is appreciable, to a frequencȳ ω r =ω r +k·V. The waves were: 1) the mirror modes (MMs) 2) left-hand polarized ion cyclotron waves (L-EICWs) and 3) right-hand polarized ion cyclotron waves (R-EICWs). As noted in the Introduction, the MMs are usually the dominant wave mode in the main body of the (normal) magnetosheath, but disappear in the PDL because of the low β p prevailing in that region, see, e.g. (Schwartz et al., 1996) . Because the R-EICWs are driven by a negative A p , which is not usually the case in the magnetosheath, they are not ordinarily excited in the magnetosheath, and are observed there and in the PDL only as daughter waves, generated by nonlinear wave interactions in both regions.
Below we shall address the following points of the observations:
1. In comparison with typical EICW intensities exemplified by those on 10 May, EICWs in the low P dyn -low M A magnetosheath are present but at much reduced intensities;
2. Sometimes R-EICWs appear alone driven directly by negative A p ; and 3. MMs are excited only in the high M A magnetosheath (at the beginning and end of the interval of interest), appearing together with EICW activity.
We note that in the following calculations we omit the contribution of the α-particles. We thereby underestimate the theoretical excitation rates of both L-and R-EICWs, which are both enhanced by the presence of α's (see Gratton and Farrugia, 1996; Farrugia et al., 1998; Gnavi et al., 2000 .) The same is true for MMs waves. The theory, therefore, gives only conservative estimates of the growth rates.
L-EICWs
The instability of L-EIC waves is due to positive A p . These modes grow when the protons resonate with the waves, i.e. when condition
is satisfied. Here, v is the particle velocity parallel to the magnetic field. Waves propagating along B, i.e. with k ⊥ =0 and k=k , are amplified faster, and we shall assume that the observed waves are mainly of this kind. We consider only protons. We shall also assume a bi-Maxwellian distribution,
where v th, ,⊥ ≡ √ (2K B T ,⊥ /m p ). It is convenient to normalize as follows:
The resonant protons move against the wave (i.e. with v <0 when the phase velocity v ph >0), so that resonance occurs for waves with x r <1. At resonance (Eq. 2), wave emission or wave absorption may take place. However, when x r is less than a critical value x c ≡A p /(A p +1), emission is the dominant process and the wave grows, while for x r >x c , absorption prevails. From equations 2-4 it follows that the fraction of resonant protons is proportional to exp(−(1/β p, )((x r −1)/y)) 2 ) (see, e.g. Gnavi et al., (2000) , Farrugia et al. (2004) , and references therein) and is thus regulated by β p, ≡(v th, /V A ) 2 , decreasing as β p, decreases.
During May 11, 1999, L-EIWC activity was greatly curtailed by two factors: 1) the large decrease of β p , which reduced the emission rate per particle, and 2) the strong decrease of the density which, in turn, reduced the number of emitters. Both effects are taken into account in the normalized growth rate, g, computed by solving for each real y the dispersion equation of L-EICWs for x (see, for instance, Gratton and Farrugia, 1996) 
Z is the plasma dispersion function. In view of the fact that the electrons have only a minor influence on L-EICWs we have neglected the inertia of electrons and assumed that A e =0 in (eq.5). (Wind/SWE values of A e lie in the interval -0.5 ≤A e ≤ 0.5 with large scatter).
Using experimental values of A p and β ,p =(3T /(2T ⊥ +T ))β p , we solve Eq. 5 with parameters changing with time. The normalized growth rates g are shown as a function of the Doppler-shifted x r in the 3-D plots of Figs. 12 and 13. Time is the third axis and increases towards the left. Data for the calculations are available only where there is a horizontal line segment starting at the UT axis. When the horizontal line segment extends along the whole x r range the corresponding g<10 −4 . From ∼21:00 UT (11) to ∼04:00 UT (12) there is a gap in the A p data and growth rates are not computed (blank in Fig. 13 ). The shift in frequency is computed and plotted only for forward-propagating waves v ph >0 using the angle between V and B shown in the last panel of Fig. 5 . We shall comment later about the Doppler shift of backward-propagating waves, which correspond to roots of the dispersion equation for negative y values that are equally amplified. We can see that the frequency range of amplified waves goes intermittently beyond the proton gyrofrequency (at x r =1 here, and f p in the spectrograms), as also observed in the spectrograms of Figs. 9 and 10, though experimental values are somewhat higher. Evidently there could be no agreement between theoretical and observed frequencies without taking into account the important Doppler shift at the spacecraft position.
The normalized frequency for which the theory predicts a maximum growth rate for L-EICWs is shown as a function of time in the upper panel of Fig. 14. The thin line joining plus symbols, computed with experimental data, is the frequency in the plasma frame, while the thick line joining diamond symbols corresponds to Doppler-shifted values for v ph >0. The latter are about a factor of 2-3 higher than the former. The lower panel in Fig. 14 gives the corresponding normalized maximum growth rates as a function of time. The wide gap in computed properties, from ∼13:00 UT (11) to ∼04:00 UT (12) is due to the growth rates being less than 10 −4 because of low A p and/or low β p, , or absence of LEICWs amplification due to negative A p , during the first part of the interval (up to ∼ 21:00 UT (11)), and for the rest of the period is due to the data gap noted above. A growth rate g=10 −4 is very weak, meaning that ∼ 1600 proton gyroperiods have to elapse before the wave amplitude increases by a factor e 2.72.
Starting from Fig. 12 at 18:00 UT (10), theory shows EICWs amplification at ∼ 20:00 UT (10) followed by negligible g values until a stronger excitation occurs at ∼21:00 UT (10), a time in which A p (>0) increases significantly (Fig. 6 ). The theoretical amplification is then modulated according to the variations of A p −β p (Fig. 6) , with varying values of g from ∼21:00 UT (10) to ∼05:00 UT (11), when a short data gap appears. Additional modulations continue from ∼06:00 UT (11) to ∼10:00 UT (11), after which the excitation becomes negligible. We may note peaks of amplification, with g between 0.01 to 0.1 at ∼21:00 UT (10), ∼02:00 UT (11), ∼04:00-05:00 UT (11), ∼06:00 UT (11), ∼07:00 UT (11), ∼09:00 UT (11), and ∼10:00-11:00 UT (11), separated by more or less wide and deep g valleys with reduced wave excitation.
The absence of wave amplification from shortly after ∼11:00 UT (11) to after ∼20:00 UT (11) seen in Figs. 9 and also Fig. 14 is, according to the theory, a consequence of the long interval dominated by negative A p values, which prevented the excitation of L-EICWs (Fig. 6, panel 4) . When positive A p were sporadically observed in this interval, the concomitant low beta was not sufficient to produce g>10 −4 . Figure 13 , which is a continuation of Fig. 12 , covers the period from 12:00 UT (11) to 20:00 UT (12). Here the amplification reappears at ∼04:00 UT (12), after the data gap. The growth rate rises to a peak g∼0.1 at ∼05:00 UT (12), it is negligible from ∼07:00-08:00 UT (12), grows again to substantial values from ∼09:00-11:00 UT (12), falls down after ∼11:00 UT (12) and peaks strongly again at 12:00 UT (12). Therafter follows a valley of very low g up to ∼15:00 UT (12), then some additional peaks at ∼15:00-16:00 UT (12), and at ∼17:00 UT (12), after which the theoretical amplification becomes negligible.
After about 18:00 UT (12), during the high M A phase brought about by the recovery of the density, the compressional activity observed in the spectrograms (which restarted some hours earlier) becomes stronger and keeps A p at low values, as shown in Fig. 6 . The small A p values, in turn, reduce the growth rate of the L-EICWs to negligible values, as shown in Figs. 10 and 11, so that we do not extend Fig. 13 beyond 20:00 UT (12).
R-EICWs
The R-EICWs are observed sometimes together with LEICWs, and at other times alone (Figs. 9, 10 and 11). These two cases have to be treated separately.
According to linear theory, an instability of the R-EICWs can be excited by a negative temperature anisotropy, provided the β p is not too small, (see (Gary, 1993) . At the same time, a negative A p inhibits the growth of the L-EICWs, as noted above. According to the linear theory R-EIC waves are not amplified at all when A p >0. When R-EICWs are observed under A p >0 conditions, they are by-products of L-EIC waves (see, for example, last part of 10 May and early part of 11 May). Note also that when A p >0 and β p ≤1 the R-EICWs have little or no damping, particularly at x r <1, so they may last long after being generated. Conversely, when β p is large the damping of R-EICWs may increase considerably, except at very low frequencies, x r 1.
We consider now the case of negative A p . Geotail observes weak bursts of R-EICWs with little accompanying L-EICWs (Fig. 10) . These right-hand waves are now being generated directly from the temperature anisotropy. Interestingly, this period coincides with a weak bow shock so that the magnetosheath is exposed to the proton temperature anisotropy of the solar wind. This is negative (see Fig. 2 , panel 5). We conclude that this weak R-EICW activity is directly a result of the weakening of the bow shock, thus eliminating a major source for preferentially enhancing T ⊥ at the expense of the T (Sckopke et al., 1990 ). 18 (10) 20 (10) 22 (10) 00 (11) 02 (11) 04 (11) 06 (11) 08 (11) 10 (11) 12 ( Fig. 12 . Theoretical results on L-EICWs using measured values at Geotail. Plotted are the growth rates, g in units of p , against UT and Doppler − shifted frequecies x r normalized to p . The time axis is in hours starting from 18:00 UT, 10 May 1999, and increases to the left. This interval starts soon after the bow shock crossing and ends at the lowest values of the solar wind density 12:00 UT (11). Left-hand-amplification with modulations in g throughout the interval except for 2 h at its extremities. (11) 16 (12) 20 (11) 24 (11) 04 (12) 08 (12) 12 (12) 12 ( . Same as Fig. 9 , but for the interval 12:00 UT (11) to 20:00 UT (12), i.e. during the phase when the density starts to recover. Note the absence of L-EICW amplification in the interval 12:00 UT (11) to 04:00 UT (12), in agreement with the data (Fig. 10) .
The R-EICW activity observed in the interval after ∼12 UT (11) and ∼21:00 UT (11) when A p <0 corresponds to very low values β p (<0.1), but we must note that β p, , which is the key parameter for the waves, was >0.1 due to the sporadically enhanced, negative anisotropy. As an example of the theoretical results, we quote two computations, one for ∼12:00 UT (11) and the other for 15:00-16:00 UT (11). (For the dispersion relation see, for example Farrugia et al., 1998) . For the first we have β p =0.09 and A p =-0.8, and β p, =0.19. For the second we have β p =0.09, A p =−0.94, β p, =0.24. In both cases we find g≈ 0.1 in the frequency range 0.35-0.37
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3 as before, it yields for v ph >0 a frequency ∼ p . Outside the cited frequency range the growth rate becomes very small because |A p | is small. These estimates are in agreement with the observed weak right-handed emission when A p <0. The weakness of the R-EICW power at this time may be explained as follows. The amplification of R-EICWs is due to the cyclotron resonance of ions with the waves:
which is known as the anomalous resonance condition. Equation (eq-6) is satisfied only when v >v ph , and for these waves v ph >V A . Therefore, under this condition, and remembering that β p, =(v th, /V A ) 2 , it follows that there are only few particles in the proton distribution function that travel faster than the R-EIC waves when β p, 1 and resonate, since v ph >V A >v th . Therefore, as β p, decreases due to an increase of V A at nearly constant temperature, the R-EICWs excitation is reduced.
Mirror mode waves
The mirror modes have a wavevector quasi-perpendicular to the field (k ⊥ k , k≈k ⊥ ). A characteristic signature of the MMs is the anticorrelation of magnetic field fluctuations with density perturbations. The condition for the MMs instability resulting from kinetic theory is
where the sum extends over all the particle species (see, e.g. Hasegawa, 1975; Treumann and Baumjohann, 1997) . Taking only protons into account, we represent the theoretical instability limit (Eq. 7) by a horizontal line in last panel of Fig. 6 . The points represent experimental values. The quantity β p and the temperature ratios are 1-min running averages. The mirror instability is a non-resonant process in which all the particles participate, and it tends to reduce the anisotropy as the amplitude of the waves grows. Therefore, these modes are ordinarily only marginally unstable, and are observed close to the theory limit.
4.4 Comparison of wave theory with the observed spectra A general preliminary comment: the linear theory of waves cannot reproduce fully the observed power spectrum, due to the absence of wave-wave interactions and other realistic elements omitted in the treatment. Nevertheless, the linear model can point out some basic trends of the wave activity, predict the presence or absence of the instability, and reveal the influence on the waves of the variation of important physical parameters. With these limitations in mind, we carry out a qualitative comparison of the theoretical properties computed with the observed wave phenomena.
Between ∼21:00 UT (10) and 11:00 UT (11) a qualitative agreement between the observed spectral activity (Figs. 9, 10) and the computed frequencies and amplification rates can be noted. (see Figs. 12 and 14) At about 21:00 UT (10), when the mirror mode activity declines significantly, the parameter A p increases and, correspondingly, the growth rates of L-EICWs expected from linear theory reach substantial values (Fig. 12) . Note also in Figs. 9-10 the observed relative reduction of L-EICWS activity at about and after 24:00 UT (10), a recovery from 02:30 to 04:30 UT (11), a decline from 05:00 UT (11) to 07:00 UT (11), followed by a weak revival at low frequencies from 07:00 UT (11) to 11:00 UT (11), and the subsequent fade out. These features are qualitatively reflected in Figures 12 and 14 as trends of growth rate variation, at approximately the same times.
The observed intensity at very low frequencies, with ω p in the range f <0.1 Hz (Figs, 9, 10 and 11) can be explained within the linear theory by the amplification of backward-propagating L-EICWs (v ph <0). For these waves, which propagate against the field, k is replaced by -k , and the observed resonant frequency is, therefore,ω r =ω r −|k|V (Eq. 2) so that the Doppler shift may reduce their frequency considerably. An additional, different, contribution to the L-EIC wave population at low frequency may be non-linear interactions producing a cascade from the excited frquency range down to lower frequencies.
A temporary absence of theoretical L-EICW growth rate may be noted at ∼09:00 UT (12), Fig. 13 , at the same time of a transient entry of Geotail into the magnetosphere, discussed before, when a power decline appears in the spectrogram of Fig. 11 .
The presence of R-EICWs under positive temperature anisotropy conditions seen in the spectrograms can be explained by the linear theory, from the Doppler shift of already existing backward propagating L-EICWs, or those excited together with forward propagating L-EICWs when A p >0. We have seen (Fig. 14) that the Doppler shift may increase the frequency of L-EICWs with v ph >0 by factors varying from 2-3. For v ph <0, negative values ofω r are also obtained, which means that Doppler-shifted, backward propagating L-EICWs can be observed as R-EICWs. The recorded R-EICWs may also be generated, at least in part, by nonlinear wave interactions that can produce these modes from pre-existing L-EIC waves.
Theory predicts no wave amplification from ∼11:00 UT (11) to ∼21:00 UT (11) (Figs. 12-13) , a long interval where available A p data shows a preponderance of negative values, which prevent the growth of L-EIC waves. The same time period is characterized by a sharp decline, and almost absence of L-EICW power, except for a trace at very small frequencies (Fig. 11) . This is also the period of observed weak bursts of R-EICWs power, in agreement with theoretical notions about R-EICWs excitation when A p <0. The R-EICW bursts occur at about 12:00 UT (11), 14:00 (11), 16:00 (11), 18:00 (11), 20:00 (11), and 21:00 UT (11). As noted, this activity cannot be a by-product of L-EICWs excitation.
The agreement between the theoretical instability limit of Fig. 6 and the MMs activity shown in the spectrograms of Figs. 9-11 is, in general, good during the whole interval studied, taking into account the fact that mirror modes are ordinarily only marginally unstable, as mentioned in the Introduction and Sect. 4.3. This comment applies also to some details of the spectrograms. For instance, one may note the MM bursts at ∼ 21:00 UT (10), and at ∼06:00 UT (12) that can be correlated with points lying on, or above, the theoretical instability limit at the same times.
To conclude, not all the observed spectral features can be explained by the linear theory. An example of the latter discrepancy is the L-EICW activity seen in Fig. 11 after ∼18:00 UT (12). Furthermore, the critical quantity A p is not easily measured, and has been 1 min averaged. Nevertheless we have been able to point out several qualitative, sometimes even quantitative, agreements between theory and experiment.
Conclusion
We have presented observations of magnetosheath field, plasma, and, most of all, wave properties during very unusual conditions. We now highlight what, in our view, is the significance of the reported results on our knowledge of the magnetosheath. The major extreme element was the very low solar wind dynamic pressure. This had two consequences. This first is that, because at the same time the magnetic field strength remained fairly constant, the solar wind Alfven Mach number was also low. The latter implies that magnetosheath properties were controlled strongly by the IMF, which means that the magnetosheath was essentially PDLlike. An expectation of both theory and observations concerning this regime is that there should be transverse wave activity, EICWs. In fact, these were observed. Thus we have verified a theoretical expectation, and extended observational work on electromagnetic ion waves in the magnetosheath to the low dynamic pressure regime.
The second consequence of low solar wind dynamic pressure is that the resulting Alfven (and magnetosonic) Mach number weakened the bow shock. The weak bow shock exposed the magnetosheath directly to the temperature anisotropy of the solar wind, which was negative. Plasma wave theory then predicts the presence of right-hand polarized EICWs, deriving their energy from the anisotropy. And these waves were observed. We have thus confirmed another prediction of wave theory in the context of space physics plasmas. To our knowledge, this is the first observation of transverse right-hand EICWs existing alone in the magnetosheath.
The temporal aspect of the observations was very crucial in our case. As Fig. 3 clearly demonstrates, the solar wind underwent a large-scale transformation, and Geotail stayed long enough in the magnetosheath to observe its effect. In this case, clearly, what class of waves were observed depended on a temporal feature and did not reflect a spatial structure of the magnetosheath. As a corollary, the waves observed were not related to the position of the spacecraft with respect to the magnetopause or bow shock: EICWs were seen in the main body of the magnetosheath, without mirror waves; and mirror mode waves were observed right next to the magnetopause.
